Introduction {#S0001}
============

Notch signalling is an evolutionarily conserved signalling pathway, which plays a significant role in a wide array of cellular processes including proliferation, differentiation, and apoptosis. In humans classic Notch signalling consists of four Notch receptors (NOTCH 1, 2, 3, and 4) and their ligands (DELTA-LIKE 1, 3, and 4 and JAGGED 1 and 2) \[[@CIT0001]\]. All receptors are synthesised as a precursor form consisting of extracellular, transmembrane, and intracellular subunits. Within the Golgi apparatus, these precursors are cleaved by a furin-like convertase to generate two subunits. One of them contains most of the extracellular domain, and the second is composed of the rest of the extracellular and transmembrane domains. It should be mentioned that extracellular domain of the Notch receptor is composed of 36 EGF-like repeats. In the most widely accepted model of Notch activation ([Fig. 1](#F0001){ref-type="fig"}) ligand binding to EGF-like repeats unfolds the negative regulatory region (NRR) admitting the second cleavage through metalloproteinases of the ADAM family. After this, γ-secretase complex performs an intramembrane cleavage releasing the Notch intracellular domain (NotchIC or NICD) that translocates to the nucleus \[[@CIT0002]\]. Importantly, for activation of Notch pathway the Mastermind-like family of proteins (MAML 1/2/3) are also needed because they form a ternary complex with CBF1-NotchIC. Then, this complex composed of CBF1-NotchIC-MAML acts as a transcriptional activator leading to Notch target gene transcription. Among the primary targets there are genes belonging to the basic helix-loop-helix (bHLH) family. Following Notch activation, the Hairy/Enhancer-of-Split (HES) family and the Hairy-Related Transcription factor (HRT) are expressed \[[@CIT0003]\].
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Nevertheless, it must be noted that Notch is a binary cell fate determinant, and its overexpression has been described as oncogenic in a broad range of human malignancies \[[@CIT0004], [@CIT0005]\]. This finding led to interest in therapeutically targeting this pathway especially by the use of γ-secretase inhibitors (GSIs), which block the cleavage of Notch at the cell membrane by inhibition of NotchIC release. Preclinical cancer models have clearly demonstrated that GSIs suppress the growth of such malignancies as pancreatic, breast, and lung cancer; however, GSI treatment *in vivo* is associated with significant side effects \[[@CIT0006]\]. In this paper, we review the role of Notch signalling as an oncogenic factor involved in cancer development and the same the promising therapeutic target for GSIs activity.

Aberrant Notch signalling is connected with cancer recurrence, metastasis, and treatment resistance {#S0002}
===================================================================================================

Emerging evidence indicates that Notch effects are dependent on the cellular context in which it is activated ([Table 1](#T0001){ref-type="table"}). The oncogenic potential of the Notch pathway was first described in acute T-cell lymphoblastic leukaemia (T-ALL) in the late 1980s \[[@CIT0007]\]. In recent years, Reedijk *et al*. revealed that high levels of JAG1 and NOTCH1 have been connected with poorer overall survival (OS) of breast cancer patients (*p* = 0.01). It is also worth noting that a synergistic effect of these proteins on OS has been revealed as well (*p* = 0.003) \[[@CIT0008]\]. Another study demonstrated that JAG1 mRNA has been associated with expression of basal breast cancer markers such as cytokeratin 5 and with reduced disease-free survival (DFS) throughout the follow-up period (*p* = 0.034). It has also been correlated with tumour size, oestrogen receptor status (ER), and progesterone receptor status (PgR) negativity, high tumour grade, and p53 reactivity. Moreover, tumours with high levels of both mRNA and protein demonstrated more reduced DFS in comparison to all other groups (*p* = 0.020) \[[@CIT0009]\]. Cohen *et al*. found that JAG1 promoted cyclin D1-mediated proliferation in the case of triple-negative breast cancers because its down-regulation was connected with inhibition of cyclin D1 expression and the same inhibition of cell cycle through the cyclin D1-dependent G1/S checkpoint \[[@CIT0010]\]. Interesting results have been obtained by Simon *et al*., who showed that knockdown of JAG1 in mouse adrenocortical cancer cells resulted in density- dependent inhibition of cell proliferation. Co-culture experiments of normal Y1 cells with JAG1 KD or control (Scramble) cells lines demonstrated that JAG1KD cells were able to proliferate due to sufficient Jag1 signalling from adjacent cells, whereas cells receiving diminished Jag1 inputs from Jag1KD cells did not proliferate. It has been also detected in the case of cells receiving inputs from Scramble cells. Therefore, it might be said that JAG1 does not have a cell-autonomous effect but instead mediates cancer cell proliferation through binding to and activating Notch receptors on cells localised in the close vicinity \[[@CIT0011]\]. The aberrant expression of Notch pathway is also associated with ovarian carcinoma progression. For example, the active component of the Notch1 pathway is commonly expressed in ovarian papillary serous adenocarcinoma. Depletion of NotchIC by Notch1 siRNA significantly inhibited growth of such cancer cell lines as CaOV3, OVCAR3, and SKOV3 in comparison to transfection with non-specific siRNA \[[@CIT0012]\]. Ovarian cancer tissue is also characterised by the high level of Notch1 protein. Its expression enhanced gradually with the poor differentiating and increasing FIGO stage in ovarian cancer \[[@CIT0013]\]. In general, the FIGO system includes five stages. Stage 0 is associated with carcinoma in situ. Stage I is associated with cancer confined to the organ of origin. Invasion of surrounding organs and tissues is related to stage II of the FIGO system. The spread to the distant nodes is a feature of stage III whereas distant metastasis is linked to stage IV \[[@CIT0014], [@CIT0015]\]. Overexpression of Notch proteins has been detected in the case of pancreatic adenocarcinoma. For example, NOTCH3 was shown to be overexpressed in the cytoplasm and nucleus of pancreatic cancer cells. The nuclear expression was clearly associated with poorer OS. There were also correlations between expression of NOTCH3 and such components of intracellular signalling pathways as pAkt, STAT3, and pSTAT3 \[[@CIT0016]\]. This relation between overexpression of signalling molecules and poor clinical outcome may be interesting in light of findings linking Notch signalling, epigenetic silencing, and control of cell cycle during cancerogenesis \[[@CIT0017]\]. Mullendore *et al*. revealed that pancreatic cancer cell lines are characterised by overexpression of Notch ligand transcripts such as JAG2 and DLL4 in comparison to hTERT- HPNE cells, with the majority having \> 50-fold relative expression levels. In some cells, the genomic amplification of DLL3 locus has also been observed, mirrored by overexpression of DLL3 transcripts. Interestingly, knockdown of *DLL3* by RNAi was clearly connected with suppression of anchorage-independent growth in the SU86.86 cell line \[[@CIT0018]\].

###### 

Notch signalling overexpression and its role in cancer development

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Notch receptors and Notch ligands   Tumour type                 Putative or detected effect
  ----------------------------------- --------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  JAG1 and NOTCH1                     Breast cancer               Overexpression of JAG1 and NOTCH1 is associated with poorer overall survival (OS) (*p* = 0.01); synergistic effect of these proteins on OS has been revealed, as well (*p* = 0.003) \[[@CIT0008]\]\
                                                                  JAG1 mRNA is with expression of basal breast cancer markers such as cytokeratin 5 and with reduced disease-free survival (DFS) throughout the follow-up period (*p* = 0.034) \[[@CIT0009]\]\
                                                                  Cancers with high levels of both mRNA and protein demonstrate more reduced DFS in comparison to all other groups (*p* = 0.020) \[[@CIT0009]\]

  NOTCH1                              Ovarian cancer              The active component of the Notch1 pathway is commonly expressed in ovarian papillary serous adenocarcinoma \[[@CIT0012]\]\
                                                                  Depletion of NotchIC by Notch1 siRNA inhibits growth of CaOV3, OVCAR3, and SKOV3 cells in comparison to transfection with non-specific siRNA \[[@CIT0012]\]\
                                                                  The expression of Notch1 enhances gradually with the poor differentiating and increasing FIGO stage \[[@CIT0013]\]

  NOTCH3                              Pancreatic adenocarcinoma   The nuclear expression is associated with poorer OS \[[@CIT0014]\]

  DLL4                                Gastric cancer              DLL4 overexpression promotes metastatic abilities of gastric cancer cells probably by enhanced expression of MMP-9 \[[@CIT0019]\]

  NOTCH3                              Squamous cell carcinoma     The high level of nuclear NOTCH3 expression is associated with shorter OS \[[@CIT0020]\]

  NOTCH1                              Melanoma                    Constitutive activation of NOTCH1 by ectopic expression of NICD is probably associated with proliferation of VGP primary melanoma cells \[[@CIT0021]\]\
                                                                  NOTCH1 may promote melanoma progression by regulation of β-catenin and cyclin D1 expression \[[@CIT0026]\]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The aberrant Notch signalling has been involved in the EMT induction during which cancer cells acquire an invasive phenotype. This may be linked with overexpression of JAG1, NOTCH1, and consequently overexpression of Snail factors, which are known to be correlated with poor prognosis in many human cancers \[[@CIT0019]\]. In this context it is worth noting study of Wang *et al*., who revealed that gemcitabine-resistant (GR) pancreatic cancer cells showed enhanced activation of JAG1 and NOTCH2 at the level of mRNA and protein. The GR cells transfected with NOTCH2 and JAG1 siRNA showed increased expression of E-cadherin and reduced expression of vimentin and ZEB1. In such cases, expression of Snail1 and Snail2 have also been down-regulated. These results suggest that activation of Notch components could mediate the induction of EMT phenotype. In contrast, down-regulation of this signalling may act as a promising factor responsible for EMT inversion. What is important, down-regulation of NOTCH2 and JAGGED1 by siRNA transfection resulted in decreased NF-κB in GR cells, indicating the existence of molecular cross-talk between Notch and NF-κB \[[@CIT0020]\]. Upregulation of Notch components are also associated with gastric cancer progression. For example, upregulation of DLL4 clearly promoted proliferation, migration, and invasion of SGC7901 gastric cancer cells *in vitro* and tumour growth *in vivo*. Moreover, it was also responsible for decreased activity of MMP-9; however, its increased expression at the level of mRNA has not been detected. Probably, Notch target genes, as well as MMP-9, need post-transcriptional regulations. It is also possible that activation of MMP-9 can be suppressed by other signalling pathways or molecules activated by DLL4, e.g. tissue inhibitor of metalloproteinase-1 (TIMP-1), TIMP-2, or other TIMPs. It is also worth noting that in gastric cancer cells with overexpression of DLL4, increased level of mRNA and secretion of MMP-2 proenzymes have been observed. Probably MMP-9 signalling is not sufficient to exert an effect alone in gastric cancer progression, while other molecules such as MMP-2 play a more fundamental role \[[@CIT0021]\]. As revealed by Yeasmin *et al*., cervical squamous cell carcinoma is also characterised by aberrant expression of Notch proteins. In contrast to cervical tissue without any pathological changes and cervical intraepithelial neoplasia, squamous cell carcinomas displayed high levels of nuclear NOTCH3 expression, which was associated with a shorter OS of such patients. Importantly, inactivation of NOTCH3 diminished cell proliferation and induced apoptosis in ME180 and SKGIIIb cell lines with NOTCH3 overexpression \[[@CIT0022]\]. Overexpression of Notch proteins is also associated with melanoma development. Notch1 activation may drive the vertical growth phase (VGP) of primary melanoma toward a more aggressive phenotype. Constitutive activation of NOTCH1 by ectopic expression of NotchIC was probably responsible for proliferative abilities of VGP primary melanoma cells in a serum-independent and growth factor-independent manner *in vitro*. NOTCH1 activation also enhanced tumour survival during culturing as three-dimensional spheroids. These effects were probably mediated by activation of the mitogen-activated protein kinase (MAPK) and Akt pathways because inhibition of MAPK or the phosphatidylinositol 3-kinase (PI3K) -- Akt pathway can reverse the tumour cell growth induced by NOTCH1 \[[@CIT0023]\]. Bedogni *et al*. demonstrated that NOTCH1 influenced melanoma development in a xenograft model by guarding cells from death \[[@CIT0024]\]. Probably due to enhanced BAX/BCL-XL ratio, which in turn may be responsible for induction of caspase-3 because NOTCH1 has been shown to positively regulate BCL-XL expression in T cells and pancreatic cancer cells, which may be responsible for resistance to apoptosis \[[@CIT0025], [@CIT0026]\]. Another interesting finding is associated with the observation that NOTCH1 knockdown significantly decreased cell growth due to inhibition of cyclin D1. These findings imply that inhibition of cell and tumour growth can also be dependent on reduced cyclin D1 expression \[[@CIT0027]\]. NOTCH1 may promote melanoma progression by inducing β-catenin, which in turn regulate cyclin D1 expression. Nevertheless, in this system β-catenin appeared unaffected by inhibition of NOTCH1, which suggests that expression of cyclin D1 is under direct control of NOTCH1 activity \[[@CIT0028]\].

The most promising approach to inhibit Notch signalling is the use of γ-secretase inhibitors (GSIs) {#S0003}
===================================================================================================

Proteolytic processing of Notch by γ-secretase is a necessary step in the activation of this family of proteins. Therefore, γ-secretase protease complex has been considered as a promising target for Notch inhibition with a class of compounds called γ-secretase inhibitors (GSIs) \[[@CIT0029]\]. All GSIs that impair Notch pathway act through its inhibition, despite their different chemical structures \[[@CIT0029], [@CIT0030]\]. Liu *et al*. compared the expression of Notch components in A549 cancer cells after DAPT (GSI-IX) and cisplatin (CDDP) treatment. They revealed distinctive differences in cell cycle progression. For example, some cells that display CD133 surface marker have been found in G2/M phase, and there were half as many cells in S phase in comparison to CD133^--^ negative cells. But the most important fact was associated with the observation that inhibitory effects of CDPP were enhanced when cells had been pretreated with GSI \[[@CIT0031]\]. Pharmacological blockade of Notch by the use of GSIs clearly reduced the percentage of cells displaying stem cell markers. In the case of glioblastoma, cells expressing CD133 did not show the ability to form colonies *in vitro* or engraft *in vivo*\[[@CIT0032]\]. Timme *et al*. revealed that treatment of colon cancer cells with MRK-003 reduced oxaliplatin-induced apoptotic cell death, while GSI treatment alone did not influence growth or apoptosis. Interestingly, blocking of MCL-1 and BCL-XL by siRNA or the small molecule inhibitor obatoclax restored the 'apoptotic potential' of cells treated with both oxaliplatin and MRK-003 \[[@CIT0033]\]. Also, Palagni *et al*. revealed that dual treatment with GSI IX and AG490 clearly altered apoptosis of pancreatic ductal adenocarcinoma cells (PDAC). Moreover, proliferation, migration, and invasion of cells have also been impaired in comparison to monotherapy. It must be noted that combination treatment significantly attenuates tumour progression *in vivo* and inhibits transition from acinar-ductal-metaplasia to PDAC \[[@CIT0034]\]. In contrast, Wang *et al*. demonstrated that pretreatment of ovarian cancer cells with DAPT and then with cisplatin increased apoptosis via modulation of such genes as cyclin B1, BCL-2, and caspase-3 \[[@CIT0035]\]. Inhibition of NOTCH1 with sulphonamide GSI (GSI34) blunted HES1 activation in the case of colon cancer cells. After GSI34 treatment, cells showed sensitivity to chemotherapy, and this effect was synergistic with oxaliplatin, 5-FU, and SN-38 \[[@CIT0036]\].

Nevertheless, administration of GSIs *in vivo* is associated with strong side effects, especially within the gastrointestinal tract. In C57BL/6 and TgCRND8 APP transgenic mice, chronic administration of GSI LY-411575 was responsible for alterations in intestinal architecture, including increased goblet cell number and mucin secretion leading to epithelial erosion. Moreover, reduced overall thymic cellularity and altered intrathymic differentiation at the CD4^+^CD8^--^CD44^+^CD25^+^ precursor stage has been observed as well \[[@CIT0037]\]. It is not surprising because Hadland *et al*. revealed that application of GSI to foetal thymus organ cultures interferes with T cell development in a manner consistent with reduction of NOTCH1 activity. It means that progression from an immature CD4^--^/CD8^--^ state to an intermediate CD4^+^/CD8^+^ double-positive state has been inhibited \[[@CIT0038]\]. Importantly, all of these effects are consistent with the role of Notch signalling as a crucial factor responsible for developmental processes and tissue homeostasis maintaining. Although intensive studies are associated with the role of γ-secretase in pathological states it should be pointed out that this complex influences the proteolytic cleavages of around 55 membrane proteins \[[@CIT0039], [@CIT0040]\]. Therefore, it is clear that GSI are highly non-specific, and additional drugs must be designed which will more specifically target Notch \[[@CIT0041]\].

The majority of the trials associated with the use of GSIs in the cancer treatment are either at a stage at which it is too early to report the side effects or have been completed but these effects have not yet been published. Krop *et al*. showed that inhibition of Notch signalling has been detected with the 1.800-4.200 mg weekly dose levels of MK-0752. Among the most significant side effects the following should be mentioned: diarrhoea, nausea, vomiting, and fatigue \[[@CIT0042]\]. In this context, it is worth noting the study of Tolcher *et al*., who observed such effects as fatigue, thrombocytopenia, fever, rash, chills, and anorexia. In this context it is worth noting about transient grade 3 hypophosphataemia (dose-limiting toxicity, one patient) and grade 3 pruritus (two patients), which have been reported at 27 mg and 60 mg of RO4929097. Furthermore, transient grade 3 asthaenia was observed in one patient at 80 mg \[[@CIT0043]\]. RO4929097 can also be safely combined with temsirolimus in patients with metastatic high-grade synovial sarcoma and in patients with metastatic gastrointestinal stromal tumours. The RP2D was established at 20 mg of RO4929097 in combination with 37.5 mg of temsirolimus. In this case, the most common toxicities included fatigue, mucositis, neutropaenia, anaemia and hypertriglyceridaemia \[[@CIT0044]\]. In patients with refractory metastatic colorectal cancer after RO4929097 administration, no radiographic responses have been detected, and time to progression was short. Median PFS was 1.8 months, and median OS was six months. Moreover, immunohistochemical analysis of cancer tissue demonstrated positive staining for the Notch receptors and NotchIC. Interestingly, the positive staining was also visible in the case of HES1 protein \[[@CIT0045]\].

In summary, a great number of studies suggest a potential clinical application of GSIs in cancer therapeutics. Nevertheless, among major challenges on the way toward this goal one associated with gastrointestinal toxicity is very significant. Moreover, Notch is described to widely participate in cellular physiology, e.g. haematopoiesis and maintenance of arterial smooth muscle. So it is not surprising that inactivation of γ-secretase may result in vital organ dysfunction. Second, it is worth noting that GSIs do not exclusively target the Notch pathway because γ-secretase has many substrates including ErbB4, CD44, and syndecan-3. GSIs may also target proteases other than γ-secretase, and therefore these compounds may be responsible for adverse effects *in vivo*. It seems that partial inhibition of γ-secretase will be sufficient to inhibit Notch components in cancer cells whereas the dosage will not affect the functions in tissue without lesions. Nevertheless, further studies associated with GSIs are needed.
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